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The use of carbon nanotubes (CNTs) as cylindrical reactor vessels has become a viable means for synthesizing graphene nanoribbons (GNRs). While previous studies demonstrated that the size and edge structure of the as-produced GNRs are strongly dependent on the diameter of the tubes and the nature of the precursor, the atomic interactions between GNRs and surrounding CNTs and their effect on the electronic properties of the overall system are not well understood. Here, it is shown that the functional terminations of the GNR edges can have a strong infl uence on the electronic structure of the system. Analysis of SWCNTs before and after the insertion of sulfur-terminated GNRs suggests a metallization of the majority of semiconducting SWCNTs. This is indicated by changes in the radial breathing modes and the D and G band Raman features, as well as UV-vis-NIR absorption spectra. The variation in resonance conditions of the nanotubes following GNR insertion make direct (n,m) assignment by Raman spectroscopy diffi cult. Thus, density functional theory calculations of representative GNR/SWCNT systems are performed. The results confi rm signifi cant changes in the band structure, including the development of a metallic state in the semiconducting SWCNTs due to sulfur/tube interactions. The GNR-induced metallization of semiconducting SWCNTs may offer a means of controlling the electronic properties of bulk CNT samples and eliminate the need for a physical separation of semiconducting and metallic tubes.
dependent on their width and edge structure, has stimulated a wave of research that focuses on tailoring the size and morphology of GNRs. [4] [5] [6] [7] [8] [9] [10] [11] Several synthetic approaches have been reported, including "top-down" methods for GNR formation, such as unzipping of carbon nanotubes (CNTs) or slicing of graphene [10] [11] [12] as well as lithographic [ 13, 14 ] and catalytic [ 15, 16 ] methods. However, the precise control of the GNR edge structure, which largely dictates the electronic properties of the nanoribbons, still remains a major challenge. [ 17 ] To overcome these challenge, a variety of 'bottom-up' methods have been developed. In these cases, GNRs are grown from molecular precursors, either on surfaces [ 6 ] or by using CNT templates. [18] [19] [20] [21] [22] [23] Specifi cally, the use of CNTs as inert, nanometer-sized reactor vessels, where GNRs are formed by inserting the molecular precursor species into the tubes and initiating the reaction by heating or electron beam exposure, has led to the growth of GNRs with well-defi ned dimensions and edge structures. [ 23 ] More recent studies have shown that the widths of the GNRs can be controlled by varying the size of the CNTs and that different edge structures may be formed by controlling the elemental composition of the precursors. [ 22 ] However, while it is currently believed that the CNT serves as an inert template during the formation process [ 23 ] the electronic interactions between the CNT template and the GNRs, which are likely to affect the growth process and determine the resulting electronic properties of the encapsulated GNR, are not well understood. Obraztsova et al. reported changes in photoluminescence (PL) of single wall carbon nanotubes (SWCNTs) after GNR formation from a coronene precursor. [ 20 ] The observed red-shifts in the emission spectra were ascribed to strain-induced changes in the electronic band structure of the SWCNTs, similar to fullerene-encapsulated SWCNTs. [ 24 ] The authors also pointed out that in addition to strain-induced changes, other mechanisms may affect the GNR-SWCNT interactions, depending on the geometry and the size of both SWCNT and GNR. In this study, we demonstrate that in some cases, the nature of the electronic interactions is strongly dependent on the functional termination of the GNR edges.
Here we report changes in the electronic properties of SWCNTs after encapsulation of sulfur-terminated GNRs. Using Raman and UV-vis-NIR spectroscopy in combination with density functional theory (DFT) calculations, we explore the nature of the GNR-SWCNT interaction in more detail. Our results indicate that strong GNR-SWCNT-interactions alter the electronic structure and vibrational characteristics of the SWCNTs in the combined system. We further show that this interaction has important consequences for the use of Raman spectroscopy in analyzing these unique materials.
Results and Discussion
Sulfur-terminated graphene nanoribbons (S-GNRs) were formed inside SWCNTs, herein referred to as S-GNR@ SWCNTs, by thermally annealing a sulphur-and carbonrich precursor (tetrathiafulvalene) using the previously reported method. [ 22 ] This results in the majority (∼90%) of the SWCNT sample being fi lled with long S-GNRs extending through the internal channel of the SWCNTs. High resolution transmission electron microscopy (HRTEM) images show that the external surfaces of the SWCNTs are clean and free from amorphous carbon ( Figure 1 a) . This is critical as it has been reported that surface contamination can signifi cantly complicate the characterization of the encapsulated species, particularly when using common spectroscopic techniques including Raman spectroscopy. [ 29 ] The TEM micrographs also depict the characteristic twisting of the S-GNRs upon electron irradiation (Figure 1 b) , a phenomenon discussed in greater detail in previous studies. [ 22 ] Raman spectroscopy has become a powerful tool for the analysis of carbon-based nanostructures, as it provides a vast amount of information on material structure and properties, particularly in the case of SWCNTs. A detailed review of the Raman spectrum of SWCNTs is outside the scope of this study, but can be found in the recent reviews by Dresselhaus et al. [ 30 ] and Saito et al. [ 31 ] Figure 2 shows the Raman spectra of the pristine (unfi lled) SWCNT (Figure 2 a) and the S-GNR@SWCNT samples (Figure 2 b) , recorded using 514, 633, and 785 nm laser excitation. Both samples exhibit the characteristic Raman features of SWCNTs, including the diameter-dependent radial breathing modes (RBM), the disorder-induced D band, and the graphitic G band, which is split into the G + and G − subbands. In addition, both samples show two weak features around 1750 cm −1 and 1950 cm −1 , referred to as M band and iTOLA combination mode, respectively.
The second order Raman spectra of both samples are dominated by the 2D band (fi rst overtone of the D band), also referred to as G' band, while the fi rst overtone of the G band (2G) is only noticeable for shorter excitation wavelengths at around 3200 cm A thorough comparison of the Raman spectra of asreceived (Figure 2 a) and the S-GNR-fi lled SWCNTs (Figure 2 b) reveals that both samples show similar Raman features; however, both peak positions and intensity distributions vary notably, indicating changes in structure and/or properties of the SWCNTs in the presence of S-GNRs. This is in stark contrast to previous studies on GNR-fi lled SWCNTs, which reported no signifi cant changes in Raman spectra resulting from GNR-SWCNT interactions. [ 20 ] The changes in the individual Raman features observed in this study are discussed in greater detail in the following sections. It should be noted that the unfi lled SWCNT underwent the same chemical purifi cation process as the S-GNR@SWCNT sample and that SWCNTs fi lled with the tetrathiafulvalene precursor (TTF@SWCNT) do not show signifi cant changes in Raman spectra (see supplementary information, Figure S1 ). Therefore, the observed spectral changes can be ascribed directly to the presence of GNR inside the SWCNTs.
Radial Breathing Modes
The RBMs resulting from the collective out-of-plane breathing vibrations of the tubes are unique to CNTs and can be used to determine the chiral indices, n and m , which in turn defi ne the CNT structure and electronic properties. [ 32 ] Bulk samples of SWCNTs commonly contain a mixture of semiconducting and metallic tubes with different diameters and helicities. However, due to the resonance Raman effect, Raman spectra recorded from bulk samples are dominated by SWCNTs that fulfi ll the resonance condition, E L = E ii , where E L is the excitation laser energy and E ii is the optical transition energy. [ 32 ] Upon resonance, the Raman scattering process is accompanied by electronic transitions due to optical absorption or emission of a photon and the Raman signal is enhanced by several orders of magnitude. It should be mentioned that both incoming ( E L = E ii ) or scattered photon ( E L = E ii + hν ) may be in resonance. However, due to the nature of the Raman effect ( E ii >> hν ), their energies are similar and, therefore, E L = E ii likely satisfi es both resonance conditions. full papers excitation. The number of contributing RBM modes was determined by fi tting the Raman spectra with a series of Voigt peaks (Gaussian+Lorentzian) as summarized in Table 1 . The diameter of the SWCNTs in resonance is calculated from the measured RBM frequencies ( ω RBM ). In this study, we utilized the relation ω RBM = A / d + B , where d is the diameter of the tube (in nm) and A ( = 234) and B ( = 10 cm −1 ) are experimentally determined constants accounting for environmental effects and tube-tube interactions. [33] [34] [35] The obtained tube diameters ( d cal ) were used to assign the ( n , m ) indices of the respective SWCNTs on the basis of the Kataura plot, [ 36 ] which relates the optical transition energies of SWCNTs to their diameter ( E ii vs d cal ), as shown in ). It can be noted that the experimental data ( E L , d cal ) does not always match the values displayed in the Kataura plot ( E ii , d kat ), which are derived from theoretical calculations. [ 36 ] Differences in tube diameter may be ascribed to the interactions of the individual nanotubes with their environment. Discrepancies in the transition energies may arise from a broadening of the resonance window due to bundling effects. [ 37 ] In addition, laser heating is known to contribute to changes in both E ii and ω RBM and may thus lead to further offsets. [ 37, 38 ] The relative mismatch between the experimental data ( d cal E L ) and the values predicted by the Kataura plot ( d kat , E ii ) are listed in Table 1 .
In analogy to the as-received SWCNT sample, a curve fi t was applied to the RBM frequency range of the S-GNR@ SWCNTs and tube diameters were calculated using the approach outlined above. It is important to note that for a given excitation wavelength, nearly all of the RBM peaks observed for the as-received SWCNTs also appear in the Raman spectra of the S-GNR@SWCNTs, even though their relative intensities may change and peak positions appear slightly shifted. For example, upon 785 nm laser excitations, RBM peaks are observed at 156, 168, and 203 cm −1 for the asreceived SWCNTs, and 159, 172, and 205 cm −1 for the GNRfi lled SWCNTs, respectively.
Small shifts in the frequency of the RBM have been reported previously for GNR-fi lled SWCNTs and were ascribed to strain-induced changes resulting from the physical interactions between the GNR and the surrounding SWCNT cylinders. [ 20 ] In the case of 633-nm excitation, peaks can be found around 140, 154 and 174 cm −1 for both samples. However, in contrast to previous studies, some RBM features disappear while several new RBM features are detected in the Raman spectra of the S-GNR@SWCNTs. Surprisingly, none of the corresponding calculated tube diameters were found to match the Katura plot. Since S-GNRs do not exhibit small 2014, 10, No. 24, 5077-5086 Table 1 . Multiwavelength RBM analysis of as-received and S-GNR@SWCNTs samples.
any Raman features in this frequency range [ 39, 40 ] and new SWCNTs are not expected to form during GNR formation, the observed changes must be ascribed to the interactions between the S-GNRs and the SWCNTs. These interactions lead to changes in the electronic structure of the SWCNTs, which modify the resonance conditions and thus prevent a direct ( n , m ) assignment, as explained in detail further below. Figure 4 a and b show the D and G bands of the as-received SWCNTs and the S-GNR@SWCNT samples, respectively. Due to the double-resonant Raman process, the D band is strongly energy-dispersive in nature, showing frequency shifts of ∼55 ± 3 cm −1 /eV for the as-received and 51 ± 1 cm −1 /eV for the S-GNR@SWCNTs, in good agreement with previous studies.
D and G Bands
[ [41] [42] [43] Moreover, it can be noted that the splitting and the intensity ratio between the G + and G − band, which result from in-plane vibrations along the tube axis and the circumferential direction, respectively, are also wavelengthdependent. However, this wavelength-dependence is caused by changes in the resonance conditions, as for each excitation wavelength, spectra are dominated by the Raman signal of a different set of SWCNTs. Under 514 nm laser excitation, the Raman spectrum of the as-received SWCNTs exhibits a high G + /G − intensity ratio ( I G+ /I G->2) and the splitting measures ∼23 cm −1 , suggesting a resonant enhancement of primarily semiconducting SWCNTs according to the study presented in Ref [ 44 ] . Although all SWCNTs exhibit a diameter-dispersive G − band, semiconducting SWCNTs (≤30 cm −1 ) are subject to a less prominent G band splitting, as compared to metallic SWCNTs (> 30 cm −1 ). [ 44 ] In addition, metallic SWCNTs commonly exhibit smaller I G+ /I G-(< 2), while for semiconducting SWCNTs values often measure well above 2.
[ [44] [45] [46] In the case of 633-nm excitation, the G band splitting increases to ∼30 cm −1 , whereas I G+ / I G-drops to ∼1.5, indicating simultaneous contributions from both semiconducting and metallic SWCNTs. [ 45, 46 ] Therefore, it can be concluded that the Raman spectra recorded using 514-nm excitation are dominated by semiconducting SWCNTs, whereas in the case of 633 nm excitation, both metallic and semiconducting SWCNTs contribute to the Raman signal, in good agreement with RBM measurements (see Table 1 ). When changing the laser excitation to 785 nm, the G band splitting decreases back to ∼23 cm −1 and I G+ /I G-increases to ∼2.6, suggesting a resonance enhancement of primarily semiconducting SWCNTs. Therefore, while the ( n , m )-assignment based on the RBM frequencies indicated contributions from primarily metallic SWCNTs under 785-nm laser excitation, the data presented in Figure 4 suggests that semiconducting SWCNTs are dominating the G band frequency range, in agreement with previous work.
[ 37 ] It should be mentioned that the charge transfer to and from SWCNT can also directly affect the G band frequency, as reported in previous studies. [ 38 ] However, while similar effects cannot be ruled out in the present study, the nature and magnitude of the changes in the G band and other Raman features (RBM) suggest that the differences are caused by the resonant enhancement of different SWCNT.
The ratio between D and G band intensities, I D /I G , which is commonly used to evaluate purity and disorder in bulk CNT samples, [ 30, 38, 47, 48 ] also exhibits a strong dependence on the excitation wavelength. This is expected as the D band is a double-resonant Raman feature and I D /I G itself is strongly structure-dependent [ 41, 44 ] (e.g. chirality) and thus varies for different SWCNTs. As changes in excitation wavelength modify the resonance condition, different SWCNTs dominate the Raman spectra.
The G band of the S-GNR@SWCNTs (Figure 4 b) shows distinct changes in peak shape and intensity distribution. The G band splitting is signifi cantly reduced to the extent that G − appears merely as a shoulder of the much more intense G + band. Surprisingly, the recorded G band is neither representative of semiconducting or metallic SWCNTs, nor does it appear to result from an overlap of their respective Raman spectra. In fact, the observed shape and intensity distribution of G band is similar to that observed for double-walled carbon nanotubes (DWCNTs), the smallest member of the multi-walled carbon nanotube (MWCNT) family (see supplementary information, Figure S1 ). [ 49 ] Since all MWCNTs are metallic, from an electronic point of view, the GNR-SWCNT interactions thus appear to be similar to the tubetube interactions in MWCNTs, suggesting a change from semiconducting to metallic character. While a transition from semiconducting-to-metallic behavior was not observed for hydrogen-terminated GNRs in SWCNTs, [ 20 ] a similar phenomenon was reported for Ag-and Pt-fi lled SWCNTs. [ 50 ] As discussed in the following sections, the obtained results indicate that the sulfur/nanotube carbon interactions do indeed bias the system towards a metallic electronic structure.
Second Order Raman Features
The G' band is the most intense feature in the second order Raman spectrum of SWCNTs. Similar to the D band, G' is strongly dependent on to the tube structure, but is less sensitive to the presence of defects. [ 47 ] In analogy to the fi rst order Raman bands, G' exhibits signifi cant changes in frequency, line shape, and relative intensity. While these spectral modifications indicate changes in the sample upon GNR formation, a more detailed interpretation is diffi cult due to the observed differences resonance conditions.
In addition, there exist several other notable second order features, most of which are also dependent on tube structure and electronic properties. The exact nature of these Raman bands, particularly the features centered at ∼1750 (M band) and ∼1950 cm −1 (iTOLA), is still debated and subject of ongoing research. [51] [52] [53] The most recent studies suggest that both Raman bands originate from two-phonon combination modes. Although the M band and iTOLA are not dispersive at the individual SWCNT level, they were found to exhibit an energy-dispersive character for ensembles of SWCNTs. Therefore, when analyzing bulk samples containing tubes with different chirality and diameter, position and intensity distribution of both the M band and iTOLA may change for different excitation wavelengths (Figure 4 ) , even if the features are related to zone-center scattering processes (combination modes). Changes in the excitation wavelength modify the resonance conditions, which in turn leads to the resonance enhancement of different SWCNTs. The incorporation of the S-GNRs into SWCNTs (Figure 4 d) leads to changes in tube structure and electronic properties both of which directly affect the resonance condition and thus lead to changes in the M band and iTOLA.
Although the analysis of the fi rst and second order Raman features indicated a strong interaction between the inserted S-GNR and the surrounding SWCNTs, the resulting changes in tube structure and/or electronic properties make the determination of the ( n , m ) indices purely from Raman spectroscopy diffi cult. For example, as different SWCNTs are in resonance before and after S-GNR insertion, the obtained data cannot specify whether all SWCNTs are fi lled with S-GNR, to what extent the structure and properties of the individual SWCNTs are affected by the insertion, and how the size of both the SWCNT and the S-GNR infl uence the nature of the interaction.
In order to obtain a better understanding of the nature of the interactions between S-GNRs and SWCNTs, we analyzed the effect of S-GNR insertion on the electronic structure of the system by means of density functional theory (DFT). For the computational study we have selected two experimentally observed SWCNTs: an (18,0) and a (20,0) tube. The (18,0)-SWCNT is metallic with a diameter of 1.429 nm, whereas the (20,0)-SWCNT is semiconducting with a diameter of 1.588 nm. The unit cells of the metallic and semiconducting SWCNT contain 72 and 80 atoms, respectively. In the simulations we used a 1×1×6 supercell for the metallic and a 1 × 1 × 3 supercell for the semiconducting SWCNT, with the z -direction oriented along the symmetry axis of the tubes. The normal of the GNR is perpendicular to the axis of the SWCNTs. Calculations were performed for the isolated tubes as well as with a S-GNR of 0.71 nm width inserted; this size represents the largest S-GNR that can be accommodated inside the tube without an unrealistic physical distortion. Additional calculations showed that inserting a GNR with a single additional row of carbon atoms into either SWCNT resulted in severe distortion of either the tube or the GNR. The signifi cant energy cost associated with this structural distortion makes formation of this GNR unlikely, consistent with previous HRTEM data showing comparable GNR width and SWCNT diameter in all systems.
[ 22 ] Figure 5 shows the band structure and density of states (DOS) of the metallic (18,0)-SWCNT with and without the S-GNR. As expected, the isolated tube is metallic with two bands crossing the Fermi level at the Γ-point. With the addition of the S-GNR, the system remains metallic, but multiple new energy bands appear. Near the Fermi level, there is a small increase in the DOS and new bands that mainly arise from sulfur atoms and S(3p)-C(2p) hybridization. The carbon electrons remain the main contributor to the total DOS. No dramatic changes in the overall electronic structure are observed and the S-GNR@(18,0)-SWCNT remains metallic, in agreement with the result obtained by Raman spectroscopy ( Table 1 ) .
The band structure and DOS of the semiconducting (20,0)-SWCNT are shown in Figure 6 . The isolated semiconducting SWCNT looks as expected, with no bands crossing the Γ-point and a bandgap of 0.48 eV. With the S-GNR inserted, we observe an increase in the DOS and new bands near the Fermi level arising primarily from the sulfur. The main contributor to the total DOS remains C-electrons, but S-atoms have greater effect on the band structure of this system as compared to the metallic tube. The new states at the Fermi level are a mixture of pure S and C states and strong hybridization contribution mainly from C(2p)-S(3p) and C(2s)-S(3p) electrons. These mid-gap states cross the Fermi level, in agreement with the observed metallic character of the S-GNR@(20,0)-SWCNT.
These fi ndings, therefore, support our assumption that alterations in tube structure and electronic properties can modify the resonance conditions of the SWCNT and lead to the observed changes in the Raman spectra, particularly in the RBM frequency range. A weakening and/or disappearance of RBM features can occur if the S-GNR/SWCNT interactions cause notable changes in the van Hove singularities. Our computational results suggest that in some cases, these interactions can indeed lead to signifi cant changes in E ii . The magnitude of the effect depends to the structure of the individual SWCNT. For example, in this study, the DOS of the (18,0)-SWCNT was less affected by GNR insertion, as compared to the (20,0)-SWCNT. This is consistent with the fact that several of the RBM peaks observed for the unfi lled SWCNTs also appear in the Raman spectra of the S-GNR@ SWCNT sample. Finally, it should be noted that in some cases, the new RBM features may overlap with the initial RBM peaks and thus prevent an unambiguous identifi cation of the individual RBM modes.
Although sulfur has a similar effect on the electronic structure of both SWCNTs (small increase in DOS and new bands at the Fermi level), the electronic interactions between the S-GNR and the SWCNT are different in each case. To analyze this, we have performed crystal orbital overlap population (COOP) analysis of interactions between S-atoms in the GNR and C-atoms in the SWCNT. COOP is an orbitalpopulation weighted DOS analysis that provides information on whether orbital interactions are bonding, antibonding, or non-bonding depending on the sign of the overlap matrix element. Positive values indicate interactions that stabilize the electronic structure whereas negative values are indicative of a destabilizing effect. More details on the COOP analysis can be found in ref. [ 54 ] . While Raman spectroscopy and DFT calculations provided valuable insight into the specifi c interactions and the related changes in structure and properties of the SWCNTs upon S-GNR insertion, both methods analyzed only a small fraction of the SWCNTs contained in the sample. In order to experimentally test our hypothesis that the number of metallic SWCNT has been increased as a result of the S-GNR insertion, UV-VIS-NIR spectroscopy was utilized ( Figure 8 ). UV-vis-NIR spectroscopy probes all SWCNTs simultaneously and, therefore, should indicate any substantial changes in electronic properties within the bulk sample. It should be noted that as the exact concentrations of SWCNTs in these experiments were unknown, we baseline-corrected the obtained absorption curves by subtracting a straight line intersecting the curves at 7500 and 17000 cm −1 . [ 55 ] All spectra were normalized with respect to the maximum intensity of the broad E 22 (S) peak centered around 1000 nm. The unfi lled and TTF-fi lled SWCNTs show similar absorption features. In contrast, it can be seen that the relative content of metallic SWCNTs increases signifi cantly after GNR formation, as the GNR-SWCNT interactions render many of the semiconducting SWCNTs metallic. The data further reveals that a certain number of semiconducting SWCNTs remain in the sample. This suggests that either for some S-GNR@SWCNTs the interactions between the S-GNR and the SWCNTs do not lead to the discussed semiconducting-to-metallic transition or that not all SWCNTs are fi lled with GNRs. This is in agreement with previous work, which showed that some SWCNT are fi lled with other carbon structures and that up to 10% of the SWCNTs may remain empty. [ 22 ] 
Summary and Conclusions
Recent research on graphene nanoribbons has revealed that the electronic properties of these unique structures can be controlled by tailoring ribbon size and morphology. In particular, the edge structure of the GNR plays a large role in determining its electronic properties. Although previous experimental studies revealed that the interaction between the encapsulated GNRs and the surrounding SWCNTs can affect the electronic properties of the systems, the CNT reactors were generally treated as inert templates for GNR growth. Consequently, the exact nature of the GNR-CNTinteractions and their potential effect on the electronic properties are largely unexplored.
The present study on sulfur-terminated GNRs sheds light on the importance of the functional termination of the ribbon edge structure on the GNR-SWCNT interactions. Raman spectroscopy analysis of SWCNTs before and after GNR insertion revealed signifi cant differences in the fi rst and second order Raman spectra, likely caused by changes in the electronic properties of the sample and the resulting modification of the resonance conditions. In particular, the appearance of new RBM peaks and changes in the line-shape of the G band indicate that the initially semiconducting SWCNTs exhibit a metallic character after GNR insertion. Therefore, while Raman spectroscopy can be used to unambiguously identify the structure and properties of pure SWCNT samples, great care must be taken when interpreting the Raman spectra of SWCNTs containing GNRs due to the increased complexity of the combined system. Analysis of bulk samples by UV-VIS-NIR also confi rms an increase in the metallic character of the nanotubes.
The experimental data was supported by DFT calculations of a sulfur-terminated GNR in a metallic (18,0) and a semiconducting (20,0) SWCNT. The computations showed that new states appear near the Fermi-level, resulting primarily from a mixture of pure S and C states and strong hybridization from C(2s)-S(3p) and C(2p)-S(3p) electrons. While these changes have no signifi cant effect on the electronic properties of the metallic SWCNTs contained in the sample, they impart a metallic character on the initially semiconducting SWCNTs.
The metallization resulting from the introduction of sulfur-terminated GNRs may offer a new means of obtaining bulk samples that contain primarily metallic SWCNTs. While current methods usually require a physical separation of metallic and semiconducting SWCNT, [ 56 ] the proposed method provides an alternative approach that converts semiconducting to metallic SWCNTs and thus utilizes all tubes present in the sample.
Experimental Section
Material Synthesis : S-GNR@SWCNT preparation. S-GNRs were prepared using the previously reported method. [ 22 ] Freshly annealed SWCNTs (Carbon Solutions Inc. P2-SWCNTs, arcdischarge), heated at 400 °C for 20 min with a weight loss of ∼20%) were added immediately to liquid tetrathiafulvalene (20 mg) at 150 °C under an argon atmosphere. The suspension was stirred for 3 h, allowed to cool, and diluted with tetrahydrofuran (2 mL) and fi ltered onto a PTFE fi ltration membrane (pore size 0.5 µm). The material was then washed successively with tetrahydrofuran (10 mL) and methanol (10 mL) and dried in air to give TTF@SWCNT. The TTF@SWCNT sample was then sealed in a quartz tube under ambient pressure of argon (1.01 bar). The tubes were heated at 1000 °C (the argon pressure will increase to ca. 4.72 bar) for 20 min, cooled rapidly by submerging the sample in iced water, and opened.
Raman Spectroscopy : Raman spectroscopy studies were conducted using an inVia confocal Raman Microspectrometer (Renishaw, UK), utilizing 514 nm (Ar-ion), 633 nm (HeNe), and 785nm (diode) laser excitation wavelength, in combination with a 50x microscope objective and 1800 l/mm (514 nm) and 1200 l/mm (633/785 nm) diffraction gratings. Each Raman spectrum was collected for ∼100s using a laser power of less than 1 × 10 4 W/cm 2 at the sample to avoid extensive laser heating. Upon completion of Raman experiments, spectra were baseline corrected and curve-fi t using Renishaw's Wire 3.2 software.
Computational Studies : All calculations have been performed using the Spanish Initiative for Electronic Simulations with Thousands of Atoms (SIESTA). [ 25 ] Electronic exchange and correlation effects are treated using the Perdew-Burke-Ernzerhof (PBE) parameterization. [ 26, 27 ] Interactions between the nuclei and electrons are described with norm-conserving Troullier-Martins pseudopotentials. [ 28 ] A cut-off energy of 190 Rydberg was used for the expansion of band-states at the Γ-point and a double-zeta plus polarization ( DZP) basis set was used for the expansion of the electronic wavefunctions with an energy shift of 50 meV. Forces were converged to better than 0.04 eV/A and an energy smearing of 25 meV was applied. All computations were conducted in spinpolarized mode. Periodic boundary conditions were used and all atoms were allowed to relax during the simulations.
HRTEM Imaging : Prior to TEM imaging, the nanotubes were dispersed on lacey carbon grids (Agar Scientifi c) by drop casting an iso-propanol suspension of the S-GNR@SWCNT sample. The TEM samples were heated at 140 °C for 10 min in air to reduce contamination during TEM investigation. HRTEM was performed using a JEOL 2100F transmission electron microscope (fi eld emission electron gun source, information limit 0.19 nm) using an accelerating voltage of 100 kV. EDX spectra were recorded for bundles of S-GNR@SWCNT on a JEOL 2100F TEM equipped with an Oxford Instruments X-rays detector at 100 kV.
UV-vis-NIR Absorption Spectroscopy : Absorption spectra were recorded in the range 7000-17000 cm −1 using a Cary 5000 UV-VIS-NIR spectrometer from Agilent. All SWCNT samples were dispersed in deionized water and ultrasonicated for 15 min prior to each measurement. The collected spectra were truncated and background-corrected by subtracting a straight line that intersected the curves at 7500 and 17000 cm −1 . Spectra were then normalized with respect to the maximum intensity of the broad E 22 (S) absorption feature centered around 1000 nm.
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